Nonsecular dipolar couplings between spin-1 2 nuclei that are in close proximity to quadrupolar spins have been extensively documented in solid state nuclear magnetic resonance ͑NMR͒, particularly when involving directly bonded Sϭ 13 C, Iϭ 14 N spin pairs. These couplings arise due to the quadrupole-induced tilting of I's nuclear spin quantization axes, and their most notable characteristic is that they cannot be entirely averaged away by conventional magic-angle-spinning ͑MAS͒. Nonsecular dipolar couplings can also be expected to arise when both I and S are quadrupolar nuclei, even if these have hitherto not been analyzed in detail due to the interfering effects brought about by first-and second-order quadrupolar anisotropies. Yet, the advent of new high resolution techniques for studying half-integer quadrupole nuclei in solids such as multiple-quantum MAS or dynamic-angle-spinning can change this state of affairs. The present study presents a theoretical and numerical analysis on the results that can be expected from these techniques when applied to the observation of homonuclear or heteronuclear quadrupolar spin pairs in the high field limit. Variable field multiple-quantum MAS NMR results are then presented for a variety of compounds possessing 11 B-14 N, 11 B-11 B and 55 Mn spin pairs, that validate these theoretical predictions and illustrate the valuable information that can be extracted from analyzing these residual MAS couplings. The research potential as well as resolution limitations that according to theoretical calculations these effects will impart on MQMAS spectra recorded at low or moderate magnetic fields are thus evidenced.
I. INTRODUCTION
The advent of magic-angle-spinning ͑MAS͒ has enabled the widespread application of NMR to the analysis of spin-1 2 nuclei in solids. 1 By averaging away all magnetic spin anisotropies that transform as second-rank tensors, sufficiently rapid MAS can in principle afford high resolution powder NMR spectra from these nuclei akin to those arising from molecules dissolved in an isotropic solution. 2, 3 An important exception to this total averaging rule arises when the spin-1 2 nucleus under observation ͑S͒ is dipole-coupled to a neighboring quadrupole nucleus Iу1. 4, 5 MAS averaging will then fail by itself to completely remove the dipolar anisotropies, due to the appearance of higher-order quadrupolar/ dipolar cross correlation effects which no longer transform as second-order Legèndre polynomials. Such nonsecular effects were initially reported by vanderHart et al. on the 1 H NMR spectra of static samples, 6 and subsequently became the focus of extensive attention due to the residual splittings that they originate in the 13 C MAS NMR spectra of 14 N-containing polymers and biomolecules. 7, 8 From a theoretical standpoint most of the initial efforts to analyze these phenomena centered on a combination of the physical principles laid by the static proton analysis and of numerical calculations that accounted for the MAS time evolution; 9, 10 subsequent work by Olivieri and co-workers yielded an analytical description of this effect which further clarified the relations between the observed splittings and the parameters that determine them. [11] [12] [13] These included the spin number I, the internuclear distance r IS , the isotropic and anisotropic indirect coupling constants J and ⌬J, the Larmor frequency of the I spin I 0 , its quadrupole parameters e 2 qQ/h and Q , and the Euler angles ͑␣, ␤͒ defining the orientation of the S-I internuclear vector in the principal axis system ͑PAS͒ of I's quadrupolar tensor.
In principle, nonsecular dipole effects should also be present in the NMR spectra of Sу1 nuclei; i.e., when both spins in the pair are quadrupolar. By contrast with the S ϭ 1 2 , Iу1 case one could conceive dealing in this situation with I,S species that are of either a hetero-or a homonuclear nature. The analysis of such nonsecular couplings between quadrupoles has so far been a topic of only occasional interest, 14 probably reflecting the fact that MAS NMR spectra of Sу1 nuclei are usually dominated by quadrupole effects that easily mask the smaller residual dipolar interactions. Nevertheless, the advent of new high resolution techniques capable of affording isotropic NMR spectra for half-integer quadrupolar nuclei in powdered samples ͑Fig. 1͒ [15] [16] [17] opens up new opportunities for both the observation and exploitation of the valuable information carried by these a͒ Author to whom correspondence should be addressed; Department of Chemistry ͑M/C 111͒, University of Illinois at Chicago, 845 W. Taylor Street, Room 4500, Chicago, IL 60607-7061; telephone: ͑312͒ 413-1053, FAX: ͑312͒ 996-0431; e-mail: lucio@samson.chem.uic.edu nonsecular dipolar couplings. The present paper explores these potentials by introducing a theoretical description of these couplings in both homo-and heteronuclear spin pair systems. The predictions that arise from these theoretical derivations are then employed to derive the spectral results that can be expected from multiple-quantum ͑MQ͒ MAS, dynamic-angle-spinning ͑DAS͒ and double-rotation ͑DOR͒ NMR experiments using both numerical simulations as well as analytical procedures. The easily observable consequences of these effects are experimentally demonstrated at a variety of magnetic fields strengths, via analyses of the uni-and bidimensional MQMAS line shapes that they originate in a series of model organoboron and bismanganese complexes. It is worth adding that although attention in this work will be focused on the line shapes that arise from such compounds containing well-isolated homo-and heteronuclear spin pairs, Wimperis and co-workers have very recently noted that such effects can also be detected as field-dependent line broadenings in the MQMAS spectra of heteronuclear spin clusters possessing large quadrupole couplings ͑e.g., NaBrO 3 ͒.
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II. EXPERIMENT
Before discussing the effects that residual dipolar couplings can have on the high resolution solid state NMR spectra of quadrupole nuclei we briefly summarize the experimental procedures that were adopted for their subsequent verification. The compounds chosen for analysis are depicted in Scheme 1 showing in bold letters the relevant spin pairs whose couplings were explored; they include three amine-borane complexes incorporating directly bonded 11 B(S) -14 N(I) spin pairs that were used for monitoring residual heteronuclear effects, plus diborane and bismanganese complexes that were employed to monitor the homonuclear nuclear coupling effects in spin-3 2 (IϭSϭ 11 B) and spin-5 2 (IϭSϭ 55 Mn) systems, respectively. Because of their relative instability, all borane complexes were suitably purified by sublimation directly prior to their spectroscopic use. Our experimental analyses focused on the acquisition of 1D MAS and 2D MQMAS NMR spectra, 19 these were collected on laboratory-built 4.7 and 7.1 T NMR spectrometers using 4 and 5 mm doubly tuned probeheads and spinning rates r /2 in the 6-10 kHz range. The Mn radio frequency fields afforded by these systems were in the order of 90-100 kHz, and all 11 B NMR spectra were acquired in the presence of ϳ80 kHz proton decoupling fields for the sake of improving the line's resolution. In order to maximize the MQMAS signal-to-noise optimized triple-quantum excitation and 3Q→1Q fast-amplitude-modulation conversion pulses were used;
19,20 the former usually resulted 4-6 s long while the latter were chosen of the form ͓(␦) x (␦) x ͔ m , with ␦ϭ0.8-1.2 s and m ranging from 2 to 5 as set on an empirical basis for each sample. Additional precautions that were taken for characterizing these new and relatively small spin coupling effects included the removal of mixed-phase distortions via the separate acquisition and suitable recombination of echo and antiecho MQMAS signals, 21 and the collection of sufficiently large 2D data sets to ensure a complete natural decay of the signals ͑usually 10-20 ms along both time domains͒. As follows from the detailed comparisons below, all these procedures enabled us to analyze the final experimental results without the need to consider potential nonidealities arising from the pulse sequence and with a frequency resolution that according to simulations we estimate at or below 15 Hz.
III. GENERAL THEORY
Although our emphasis will end up focusing on the results that can be observed on using the MQMAS technique for analyzing dipole-coupled pairs of quadrupolar spins in powdered samples, it is preferable to derive first the general form of the interaction Hamiltonian whose detection we will attempt during such experiments. Toward this end we begin by considering two nuclei I and S, both of them quadrupolar, that are mutually coupled. In the usual laboratory frame their total Hamiltonian is thus given by 22 
H Lab ϭH
where the first two terms on the right-hand side are the ͑dominant͒ Zeeman couplings of both spins, the second pair of terms are their local quadrupolar interactions, the following pair of terms account for their direct and indirect spinspin couplings, and the last two terms denote their chemical shifts. Because of the complexity of Eq. ͑1͒ it is convenient to introduce two simplifications that will not seriously detract from the generality of the remaining treatment; namely, we will assume that the direct ͑D͒ and indirect ͑J͒ spin coupling tensors are coincident, and we will disregard for the time being the effects of the chemical shifts. The first of these assumptions is done on a heuristical basis as there is little or no evidence to bear on its contrary; 23 the second one is done as a matter of convenience at this stage, even if isotropic chemical shifts will show up and be accounted for later in the analysis. The explicit form of the remaining interactions in Eq. ͑1͒ can be best summarized in terms of irreducible tensor representations, which in their respective principal axes systems ͑PASs͒ are 24 
H X
Here X 0 (XϭI,S) are the individual Larmor frequencies of the two spins, and the spin parts of the quadrupolar Hamiltonians are defined as
with X representing either I or S, and the corresponding spatial elements are
The total coupling Hamiltonian H IS ͓Eq. ͑4͔͒ depends on an isotropic J term and on products of two-spin tensor elements
with the spatial elements
The various interaction coupling parameters in these expres- To calculate the NMR spectra resulting from these interactions on either heteronuclear ͑S detected͒ or homonuclear (SϩI observed͒ NMR experiments, it is customary to remove the dominant Zeeman effects by going into an interaction representation. The resulting frame rotates at the Larmor frequencies of the two spins as driven by the propagator
which imparts into H Lab the time dependence
Average Hamiltonian theory can then be applied to obtain a time-independent rendering of this rotating-frame interaction according to
where
and c ϭmax ͓(2/ I O ),(2/ S 0 )͔ is a sufficiently long cycle time for the secular Zeeman truncations to take place. The Hamiltonians that need to be dealt with in these timedependent expressions are of the type
and
Evidently, H (1) in Eq. ͑11͒ will involve simple time averages of the various coupling interactions appearing in Eq. ͑1͒. If one is dealing with a heteronuclear pair and is interested solely on the S spin observation these secular first-order terms will be
͑16͒
whereas for a homonuclear case with simultaneous I,S observation these will involve
In a complete high field limit, where Zeeman interactions truncate every other coupling, it is generally sufficient to consider these H (1) terms to account for the observable NMR spectra. When the quadrupole couplings of either I or S spins become sufficiently large, however, an appropriate description will demand the inclusion of all cross terms in Eq. ͑13͒ that involve the corresponding quadrupole Hamiltonian. In the terminology of static Rayleigh-Schroedinger perturbation theory, this is tantamount to accounting for the first-order corrections to the Zeeman eigenstates caused by the quadrupole-induced tilting of the spins' quantization axes. 26 The manner in which the various secular cross terms in the commutator H (2) will be evaluated, depends again on whether one is dealing with hetero-or homonuclear cases. Using Eqs. ͑14͒ and ͑15͒ it is possible to show that the former will lead to
in heteronuclear systems, and to
in homonuclear ones. These equations allow one to deduce the effects that residual quadrupole/quadrupole and quadrupole/dipole cross correlations will have in a variety of NMR experiments, provided that quadrupole coupling constants remain small enough for the two-term expansion in Eq. ͑11͒ to stay valid. Should this cease to be the case a full numerical diagonalization approach would have to be adopted, 27 such procedure is outside the scope of this mainly high-field-limit work. Also worth noting is the substantial differences that even under this high field assumption characterize the hetero-and homonuclear scenarios, both in the complexity of their Hamiltonians and in the approach that these will demand for further calculating their NMR spectra.
Because of these differences we break up the rest of this discussion into a heteronuclear treatment, pursued to a further extent due to its simpler and more ammenable nature, and a homonuclear treatment that is mainly restricted to MQ-MAS calculations and experiments on pairs of spin- 
IV. RESIDUAL HETERONUCLEAR COUPLINGS IN MQMAS, DAS AND DOR NMR
A. Theoretical analysis of high-field MQMAS spectra
The potential effects that J couplings between S and I spins may have on the MQMAS NMR line shapes of the S nucleus have been recently discussed for the case Iϭ 1 2 . 28 We extend in this paragraph such discussion to a case where I is quadrupolar, and can thus also be interacting via the residual dipolar coupling effects introduced above. Before doing so, however, we briefly dwell on the nature of MQMAS acquisitions so as to lay the foundations of the subsequent discussions and derivations. As explained elsewhere in detail, 19, 29 MQMAS is a 2D NMR experiment capable of providing high resolution NMR spectra from half-integer quadrupole nuclei even when these are in powder samples. This is done by correlating pairs of ϩm↔Ϫm͑MQ͒ and ϩ 1 2 ↔Ϫ 1 2 (1Q) transition frequencies within the S spin manifold, while subjecting the sample to a fast mechanical spinning at an angle s ϭ54.7°with respect to the magnetic field B 0 ͓Fig. 1͑A͔͒. Both domains in such an experiment are affected by secondorder quadrupolar anisotropies, yet the anisotropic shifts that result for the MQ and 1Q transitions are proportional to one another for each and every crystallite in the powder. The ratio between these anisotropies is given by a rational number kϭ͉C S 4 (m)͉/C S 4 (1/2), where
is a polynomial depending on the eigenstates m S being correlated and on the number S of the spin being analyzed. The fact that this ratio is independent of site or crystallite properties can be exploited to cancel out the quadrupole anisotropies along one of the two spectral domains, and thus obtain a unidimensional high resolution NMR projection regardless of sample characteristics. This canceling of anisotropies requires subjecting the 2D MQMAS NMR results to some form of shearing transformation. Different strategies have been discussed and illustrated for carrying out such transformation; 19, 30 here we will assume that it merely involves a mathematical procedure such as
following the acquisition of the data. In view of these basic considerations it follows that a possible way for calculating the effects of residual heteronuclear interactions on MQMAS experiments is by computing the Fourier transform of the time-domain signal
where the ͗...͘ brackets indicate the averaging effects introduced by the MAS. This equation exploits the fact that since H (1) and H (2) are only functions of the I z and S z operators their eigenvalues can be found in the conventional Zeeman product basis set
ϪSрm S рS;ϪIрm I рI. ͑23͒
Notice also that out of the various contributions to H (1) all but the isotropic J and chemical shift couplings can be disregarded on considering the final eigenvalues, as first-order dipolar, quadrupolar and shielding anisotropies do not play relevant parts in the MQMAS experiments to be analyzed.
Computing the effects of sample spinning on such eigenvalues, not just for the fast MAS case but for arbitrary spinning speeds and angles, demands that the spatial parts of all relevant interactions be expressed into a common reference frame. Common transformations thus need to be defined for all the couplings introduced in Eqs. ͑2͒-͑4͒. In the present study we defined the various sets of Euler angles that are involved in these principal axes transformations according to
where EFG(I,S) denotes the PASs of the electric field gradient tensors for each of the quadrupolar nuclei, D denotes the coinciding uniaxial dipolar-and J-coupling tensors, RO-TOR refers to a frame of reference mounted on the spinning sample, and LAB is a system whose z-axis coincides with the direction of the magnetic field B 0 . With these definitions the spatial coefficients of the various Hamiltonian terms can be written in terms of their principal value components ͓Eqs. ͑6͒ and ͑8͔͒ as 
where in all cases mϭϮ1,Ϯ2. In these expressions D m,n 2 (x,y,z) denote Wigner rotation matrices fulfilling
with the reduced matrix d m,n 2 (y) as defined by Wigner's formula. Except for the special case s ϭ0°, sample spinning will make all the spin interactions in Eqs. ͑25͒-͑27͒ oscillatory time dependent. Thus to pursue this analysis these time dependencies need to be explicitly evaluated for each of the relevant interactions as well as for their mutual cross terms; an outline of these lengthy but straightforward calculations is presented in the Appendix.
Rather than programming the resulting equations numerically and obtaining a computational prediction of the residual dipolar effects for arbitrary spinning and coupling conditions, we decided to pursue first an analytical path focused on the centerbands that can be expected from fastspinning or rotor-synchronized MQMAS experiments. This requires calculating for all the spatial terms in the Hamiltonian the rotor period average
Under these conditions the eigenvalues E defining the S-spin energy levels can be written as
where the time averages of the various ͗R 2,m R 2,Ϫm ͘ angular dependencies are summarized in Eqs. ͑A11͒-͑A13͒ of the Appendix, and we have exploited the fact that all terms in the Hamiltonian commute with one another to disregard potential higher order effects. The first term in this eigenvalue expression represents S's second-order quadrupolar frequencies. Its resulting line shapes under a variety of variableangle and magic-angle-spinning conditions have been extensively described; 31, 32 in MQMAS, these effects are known to be absent along the isotropic dimension. By contrast, the remaining terms are new in this quadrupolar context and will not be averaged out by either the MQ or the MAS procedures. It is interesting to note the formal resemblance between these new terms and the frequency expressions that have been previously derived for the residual dipolar couplings between a quadrupole nucleus and Sϭ 1 2 .
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Before employing these eigenvalue expressions to calculate the full 2D MQMAS line shapes it is illustrative to compute their overall powder averages, as these will lead to the isotropic splittings that will in turn characterize the residual dipolar effects along the isotropic MQMAS dimension. 4 This entails removing the anisotropic dependencies by calculating the weighted integral
the remaining powder angle ͑͒ being irrelevant as it denotes a rotor phase that was averaged away by the integration in Eq. ͑29͒, while the second-order quadrupole effects from Eq. ͑30͒ are naturally absent along this spectral axis. schematic description of the modifications that will be introduced by these effects on the energy manifold of the simplest possible such case (Sϭ 3 2 ,Iϭ1) is illustrated in Fig. 2 . It shows that on top of the conventional Zeeman and quadrupole effects residual MAS dipolar couplings will split the energy levels of the S spin according to the ͉m I ͉ values of the I spin, and then as a result of the J IS further splittings can be expected between ϩm I and Ϫm I states leading to an overall S multiplet composed by 2Iϩ1 different isotropic transitions. When considering that the observation of such isotropic splittings demands a shearing procedure like the one outlined in Eq. ͑21͒, it follows that in a general case multiplets arising in the high resolution MQMAS spectra of S will be positioned at frequencies
where m denotes again the order of the S-spin MQ transition that has been used in the 2D NMR correlation. Clearly, measurements at varying magnetic fields ͑different 0 I ͒ can enable one to separate the J from the dipolar ͑⌬͒ effects within this multiplet, and from there extract the information carried by these different couplings.
As a first test of these analytical expressions it is illustrative to compare their predictions with those that arise from a suitable numerical powder average of Eq. ͑30͒; i.e., from the MQMAS frequencies expected prior to a computation of the isotropic centers of mass. To obtain such numerical simulations complete 2D MQMAS data sets based on Eq. ͑22͒ were calculated, processed into purely absorptive 2D NMR line shapes, projected onto a sheared isotropic dimension, and then compared with the expectations of the analytical expressions. Illustrative results of these procedure are presented in Fig. 3 for a variety of cases; these clearly evidence that most of the information made available by MQ-MAS NMR projections is accurately summarized by the isotropic splittings derived from the analytical treatment.
In addition to these isotropic projections, MQMAS provides complete 2D line shapes from which further information related to this effect can be extracted. For each coupled chemical site in the sample these 2D line shapes will correlate the residual dipolar plus J couplings between S and I spins, dependent as shown in Eq. ͑33͒ on the Euler angles relating the PAS of I's EFG with the I-S internuclear vector, against the sum of these effects plus S's own second-order quadrupole frequency. The resulting 2D MQMAS line shapes can thus be expected sensitive to the relative orientation between the two quadrupolar tensors of the coupled spins. Numerical simulations validating such expectations are presented in Fig. 4 for I,S pairs possessing constant coupling parameters such as those assumed in Fig. 3 ͑left͒, but varying sets of relative tensor geometries.
B. Nonsecular heteronuclear couplings: Experimental MQMAS results
In order to test the theoretical predictions of the preceding paragraph a series of 2D MQMAS NMR experiments on I,S quadrupolar spin pairs were carried out. Toward this end we found the directly bonded 2 ) pairs in aminoborane complexes suitable. In the presence of heteronuclear 1 H decoupling these compounds ͑Scheme 1͒ represent well-isolated I,S systems; in fact the relative sharpness of the 11 B MQMAS NMR features even in the absence of strong decoupling fields suggests active three-fold internal rotation of the -BH 3 groups that considerably attenuate their internal couplings at room temperature. 34 There are, however, certain disadvantages associated to this choice of compounds, including a relatively poor chemical stability and an unavailability of MQ orders higher then three for testing our predictions. To alleviate this last drawback measurements were repeated as a function of magnetic field strength, given the known dependencies that affect the relevant second-order H Q,Q and H Q,D cross-term effects. It may also be worth clarifying that this choice of compounds was dictated by suitability, availability and preliminary structural/magnetic resonance data, rather than for the sake of enhancing the 11 B NMR spectral resolution. Figure 5 presents representative 4.7 and 7.1 T 2D experimental 11 B NMR spectra recorded on the trimethylamine borane complex ͑1, Scheme 1͒, and compares them with best fit simulations obtained on the basis of constant 11 B, 14 N coupling parameters and of changing Larmor frequencies. Further comparisons between these experimental and theoretical results are illustrated in Fig. 6 , which shows the 1D traces obtained upon projecting the 2D spectra onto their respective FIG. 3 . Comparisons between the MQMAS line shapes predicted by the isotropic analytical expression given in Eq. ͑35͒, versus complete numerical calculations of 2D MQMAS spectra based on Eq. ͑22͒ and a subsequent shearing/projection onto an isotropic dimension. Peak shapes in the analytical traces are shown artificially thicker and scaled by a factor of 0.5; their multiplets intensities are proportional to the number of m I components contributing to each transition and their linewidths were set to 10 Hz. In all cases tensors were assumed axially symmetric and coincident, the frequency scales refer to an isotropic shift ␦ S ϭ0 kHz, and the cumulative effects of dipolar and J-couplings ͑fixed at 100 Hz͒ are shown in the second and third rows. Spectra on the left assumed 3QMAS NMR on an Sϭ isotropic and anisotropic MQMAS axes. In order to obtain these best fit simulations the B-N distance was assumed as in the compound's gas phase electron diffraction report ͑1.656 Å͒, 35 and the quadrupole asymmetry parameters were assumed null for both sites on the basis of molecular symmetry and of the 11 B powder pattern of 10 Hz. The quadrupole coupling constants thus obtained for both boron and nitrogen are systematically lower than those previously measured for this compound by microwave spectroscopy in the gas phase ͑2.06 and Ϫ2.83 MHz, respectively͒, 36 probably reflecting the tighter B-N bond occurring in the solid complex. Such differences notwithstanding the spectra of this compound clearly demonstrate the possibility of detecting these effects even at moderate magnetic fields, and of extracting from them meaningful information. Figure 7 illustrates a similar 11 B MQMAS analysis, this time carried out at 4.7 T on a borane-lutidine sample ͑2, Scheme 1͒. As opposed to the previous case no literature parameters could be found for this compound, while the absence of three-fold symmetry around the B-N bond precluded many of the former's a priori simplifying assumptions. Boron quadrupole parameters can still become available from the center of mass of the 2D MQMAS line shape and from simulating its anisotropic projection. The overall residual dipolar effects are smaller here than in the trimethylamine complex; if one assumes that 14 N quadrupole coupling constants are equal in these two aducts, this feature should then be ascribed to a lengthened B-N distance of 1.89 Å. In fact quantum chemical calculations have predicted a 0.05 Å increase in the B-N bond length on going from the trimethylamine-to the pyridine-borane complex;
37 the significantly longer distance that would be needed to simulate the lutidine-borane complex could then be rationalized as a result of further steric interactions between the methyl substituents of the pyridil group and the borane moiety. Alternatively, one could assume a constant ͑1.66 Å͒ B-N internuclear distance and deduce from the MQMAS spectra a Ϫ1.7 MHz 14 N quadrupole coupling constant. The actual 14 N and B-N coupling parameters that yielded a best fit were found in between these limiting cases; results of such numerical simulations are presented on the right-hand column of Fig. 7 .
A final theoretical/experimental comparison on the results expected from MQMAS for these heteronuclear effects is presented in Fig. 8 , which shows variable-field 11 B NMR line shapes obtained on a terbutylamine-borane complex ͑3, Scheme 1͒. Out of the investigated heteronuclear spin-pairs this actually showed the smallest residual dipolar coupling; such feature, however, is in excellent agreement with theoretical simulations based the quadrupole coupling constants observed for this complex at 77 K by pure nuclear quadrupole resonance ͑1.51 MHz and 1.57 MHz for the 11 B and 14 N, respectively͒, 38 in conjunction with the dipolar and J BN couplings that were measured for the trimethylamine-borane complex.
C. Residual heteronuclear couplings in DAS and DOR NMR
Before concluding this discussion on the residual heteronuclear coupling effects that can be expected in the solid state NMR spectroscopy of quadrupoles, a brief reference is made to the results that will arise on using high resolution NMR techniques other than MQMAS. Particularly successful options toward achieving isotropic spectra from halfinteger quadrupole nuclei have been DAS and DOR, techniques that focus solely on the central transition and which rely on either discreet or continuous changes of the sample spinning axis to remove the second-order quadrupole effects. 39 It is thus recalled that DAS achieves high resolution by correlating the S spin evolution at two consecutive spinning angles S 1 , S 2 fulfilling
and then subjecting the resulting data to a k-dependent shearing transformation ͓Fig. 1͑B͔͒. DOR on the other hand rotates the sample simultaneously at the roots of both P 2 (cos ) and P 4 (cos ) such that ͗P 2 ͑ cos ͒͘ϭ͗P 4 ͑ cos ͒͘ϭ0.
͑37͒
One-dimensional DOR acquisitions thus yield isotropic spectra simply by 1D Fourier transformation ͓Fig. 1͑C͔͒. For the case of either technique the expressions that were derived earlier for the heteronuclear I-S coupling Hamiltonians and eigenvalues continue to be entirely valid; the only additional limitation that needs to be invoked is m S ϭϮ 1 2 due to central transition nature of these methods. Therefore, the isotropic multiplet positions that can be expected along the high resolution dimensions of these experiments will be given by v͑ m I ͒ϭ ͭ where ⌬ is as in Eq. ͑33͒ and the k-dependence in DAS arises from the shearing transformation that this technique involves. Such k values can range from 0.8 when ( S 1 , S 2 ) ϭ(39°,90°) to 5 for ( S 1 , S 2 )ϭ(63°,0°); residual dipolar splittings can thus be expected to be smallest for the latter setting and largest for the former. Full numerical simulations of 2D DAS NMR experiments validate these predictions ͑Fig. 9͒; they also reveal a complex dependence of the anisotropic projection and of the overall 2D line shapes on the actual pair of complementary spinning angles that is chosen. This unusual behavior stems from the different weights with which the S-spin second-order quadrupolar and I-S first-order dipolar effects will appear along the two spectral dimensions depending on the spinning angles, and it apparently provides a sensitive insight on the relative orientation between dipolar and quadrupolar interactions. It is also worth remarking that the centers of mass of peaks along the isotropic projections of these numerical simulations differ by a less than half a Hz from the simple DAS predictions of Eq. ͑38͒. With regards to the DOR case, its extensive spatial averaging can be expected to remove-at least in the fast spinning regime-all the anisotropies involved in either the H D (1) or H Q,D (2) couplings; this would leave the isotropic residual given in the DOR version of Eq. ͑38͒ as the sole observable to be measured in these experiments.
V. RESIDUAL HOMONUCLEAR COUPLINGS IN MQMAS NMR
As mentioned, high resolution quadrupolar methods open up the possibility of detecting residual dipolar and J coupling effects also when identical nuclear species are involved. The theoretical treatment of these homonuclear cases, however, is substantially more involved than that of their heteronuclear counterparts due to the presence of extensive off-diagonal coupling terms stemming from secular flipflop operators in the Hamiltonian. For instance for the simplest possible homonuclear situation amenable to experimental MQMAS NMR study, involving two identical spin-3 2 nuclei, the fast-spinning high-field coupling Hamiltonian will be given by
and analogous expressions hold for the definitions of ⌬ I , ⌫ I and ⌫ I * . This matrix stems from the explicit representation of Eqs. ͑17͒ and ͑19͒ in the coupled ͕͉m S ,m I ͖͘ Zeeman product basis set and is expected to grow as ͓(2Sϩ1)(2I ϩ1)͔ 2 depending on the spin numbers involved: 16ϫ16 for , etc. Furthermore, its effects on the final spectra can only be properly described when considered in unison with the potentially more important shielding and quadrupolar effects that may dominate the diagonal in this sort of representation.
To circumscribe somewhat the very wide diversity of scenarios that are then open to analysis in these homonuclear coupling situations, we assume for this discussion that the two coupled sites of interest are chemically equivalent. This establishes a common relation between the sets of Euler angles (␣,␤,␥),(a,b,c) orienting the two quadrupole tensors with respect to the internuclear dipolar vector, while allowing us to disregard-at least in the fast spinning regime-the effects of chemical shifts on the spectral line shapes. For the actual forms of the various spatial spherical tensor components in the Hamiltonians the angular definitions given in Eq. ͑24͒ were still employed, leading to the relations given in Eqs. ͑25͒-͑27͒ and ͑A1͒-͑A10͒. With the aid of these conventions a ''brute-force'' numerical calculation on the influence of these coupling effects on MQMAS NMR line shapes was undertaken. These spectra were obtained by Fourier processing the weighted powder average arising from the calculated bidimensional time-domain signals 
͑41͒
This expression is the homonuclear analog of Eq. ͑22͒; in it the indices A and B refer to the two different spins, A ϩ 2m denotes the Ϫm A ↔ϩm A multiquantum ladder operator, and both eigenstates and eigenvalues refer to the diagonalization of the total Hamiltonian
͑42͒ Figure 10 illustrates some of the effects that on the basis of this model can be expected to arise in the MQMAS line shapes of spin- expected when exploring higher-order MQ transitions, as illustrated in Fig. 11 for the case of a spin-5 2 . Unfortunately, under the relatively strong quadrupole coupling conditions needed for a clear observation of these effects the signal-tonoise ratio of MQMAS experiments may also be expected to be relatively poor. In spite of this consideration, the effects of these homonuclear couplings can be observed even at moderate magnetic fields. Figure 12 for instance illustrates the experimental 2D 11 B MQMAS NMR results obtained on investigating a bispinacolato diborane complex ͑4, Scheme 1͒. The x-ray diffraction analysis of this compound shows the two directly bonded boron sites related by symmetry and at a 1.71 Å distance; 40 given the that become available from fitting the MQMAS data, a broadening that is evident on projecting the experimental data into the isotropic domain of the sheared 2D MQMAS spectrum results. A complete fitting of the data also leads to relative tensor orientations (␣,␤)ϭ(a,b)ϭ(0°,0°)-in accordance with the sites' symmetry about the B-B axis-to a large but not unusual Jϭ(85Ϯ20) Hz indirect coupling, 41 and to a relatively small natural linewidth contribution. Agreement between the theoretical expectations and experimental line shapes also improves slightly on considering that one in every five 11 B is actually heteronuclearly coupled to a 10 B (Iϭ3), for which Zeeman quadrupole and coupling effects are fixed by the relative ratio between the nuclear quadrupole and magnetic dipole moments of MQMAS isotropic dimension; in fact some of these are even discernible on the regular 1D MAS second-order powder pattern. According to the 2.895 Å intermetal distance reported in the x-ray diffraction analysis of this compound, however, 43 homonuclear dipolar coupling effects will actually be relatively minor under the employed experimental conditions; this in turn explains the weak field dependence displayed by the 55 Mn MQMAS NMR spectra. That the source of these splittings is mainly indirect in nature is validated by numerical fits of the spectra, which match experiments fairly well with Jϭ(65Ϯ5) Hz,⌬JϷ0. Still, calculations indicate that a consequence of the nonsecular dipolar couplings at the explored magnetic field strengths is to alter the relative widths ͑and thus the heights͒ of the various components in the 2D multiplet.
VI. CONCLUSIONS
The main goal of the present study was to discuss the basic theory underlying the occurrence of nonsecular dipolar couplings between quadrupolar nuclei, and to demonstrate the feasibility of experimentally observing and characterizing these effects in isolated spin-pairs with the aid of recently developed high resolution NMR techniques. For deriving such theories we relied on the considerable body of work that has been developed for understanding similar effects in the case of quadrupolar/spin-1 2 heteronuclear pairs, particularly when these can be treated under the high B 0 field approximation. For the case of coupling between quadrupoles a considerably wider variety of research avenues opens up for exploration, as a result of the many different 1D and 2D NMR experiments capable of affording high resolution spectra and of the possibility of dealing with either hetero-or homonuclear spin systems. Some of these research avenues were explored in this study, even if for the sake of clarity most of the discussion focused on the MQMAS NMR line shapes that can be expected on analyzing isolated spin-pairs. The presented data show that analyses of this kind can indeed yield novel spectral line shapes, and carry a structural and coupling information that may hitherto have been difficult to characterize from powders by other means. It is also worth remarking that even with the constraints laid out during the course of this study, many of the Hamiltonians that were derived in it can be exploited for evaluating the results that will be afforded by non-MQMAS experiments or the line shapes that will arise from multinuclear ensembles of coupled spins. In fact the high-field formalism developed in this paper can be extended in a relatively straightforward manner to enable the numerical evaluation of these effects for arbitrary quadrupole/Zeeman ratios, and for samples subjected to a variety of spinning angles or speeds. Some of the predictions stemming from these additional investigations are currently being explored.
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